Extremely low-frequency electromagnetic fields (ELF-EMFs) are non-ionizing radiations typically emitted by power lines, electrical wiring and electrical appliances. Epidemiological studies have repeatedly shown a positive association between ELF-EMFs and childhood leukemia. Exposures greater than 0.3-0.4 µT increase the risk by approximately 1.5-2 fold, and estimates indicate that up to 2% of childhood leukemia cases in Europe may be attributable to ELF-EMFs. However, it is considered unlikely that ELF-EMFs can cause cancer, because carcinogenesis requires the accumulation of DNA alterations and ELF-EMFs do not have enough energy to damage the DNA. Lack of biological plausibility is a barrier to accept the evidence of carcinogenicity in human studies and to take measures to protect pregnant women and children from ELF-EMFs. Recent evidence indicates that non-mutagenic agents can cause DNA alterations and increase the risk of cancer by promoting the accumulation of cell divisions in stem cells. Cell division generates DNA alterations (e.g., mutations arising during DNA replication), which occur even in the absence of DNA-damaging agents. Importantly, ELF-EMFs can trigger the division of stem cells; this effect is under development in the field of regenerative medicine. A possible mechanism by which ELF-EMFs induce the malignant transformation of hematopoietic stem cells is discussed.
Introduction: Basic concepts on ELF-EMFs
Extremely low frequency electromagnetic fields (ELF-EMFs) are non-ionizing radiations with a frequency range between 0 and 3000 cycles per second or hertz (Hz). ELF-EMFs are associated with the distribution and use of electricity (most electric power operates at a frequency of 50 or 60 Hz), and they are typically emitted by power lines, electrical wiring and electrical appliances. Unlike other EMFs of higher frequencies, the ELF electric and magnetic fields are not necessarily coupled and can be measured individually. Electric fields are areas of energy produced by the presence of an electric charge. These fields exist even when there is no electric current flowing, e.g., surrounding the cable of an appliance that is plugged in and switch off. Magnetic fields are areas of energy created when electric current flows; they are present around power lines and cables of switched-on appliances, coexisting with electric fields. The strength of an electric field is measured in volts per meter (V/m). The magnetic field strength is measured in amperes per meter (A/m), although it is more commonly expressed in tesla (T), millitesla (mT) or microtesla (µT). Both electric and magnetic fields are strongest close to their origin and their strength markedly decreases at greater distances from the source. For example, the magnetic field strength of hair dryers is 6-2000 µT at a distance of 3 cm, but decreases to 0.01-7 µT at a distance of 30 cm. Magnetic fields underneath power lines are about 20 µT. Electric fields are blocked by common materials such as the walls of buildings. However, magnetic fields are not shielded by most common materials and pass easily through them. ELF electric and magnetic fields do not have enough energy to ionize molecules and to cause DNA damage, but both have sufficient energy to induce the generation of electric currents within tissues [1, 2] .
ELF-EMFs and childhood leukemia: Evidence of carcinogenicity in human studies
In 1979, the first association between residential exposure to ELF-EMFs and childhood leukemia was observed [3] . Numerous studies, reviews and pooled analyses have been published since then. Two pooled analysis published in 2000 showed a positive association between ELF-EMFs and childhood leukemia. One of them included nine well conducted studies and reported a twofold increase in risk of childhood leukemia among children with exposures of 0.4 μT or higher (RR: 2.0; 95% CI: 1.27-3.13; P value: 0.002) [4] . Adjustment for potential confounding variables did not appreciably change the results. The authors concluded that the 99.2% of children residing in homes with exposure levels below 0.4 µT had estimates compatible with no increased risk, while the 0.8% of children with exposures of 0.4 μT or higher had a relative risk estimate of approximately two [4] . The other pooled analysis, which included 15 studies based on less restrictive inclusion criteria, showed a relative risk of 1.7 for exposure above 0.3 μT [5] . Latter, a pooled analysis of seven studies published after 2000 reported a 1.4-fold increase in childhood leukemia among children with exposures of 0.3 μT or higher [6] . New studies are in line with these large pooled analyses, typically showing relative risks between 1.5 and 2 [7] [8] [9] [10] . For example, in a meta-analysis based on 11,699 cases and 13,194 controls, the relative risk was 1.57 for exposure above 0.4 μT [10] . Although most studies have been focused on exposure to EMFs emitted by power lines, several investigations have also evaluated the cancer risk associated with the use of electrical appliances. Several case-control studies have reported similar positive associations between childhood leukemia and use of electrical appliances (e.g., electric blankets) during pregnancy and childhood [11] [12] [13] [14] .
It has recently been estimated that up to 2% of childhood leukemia cases in Europe may be attributable to ELF-EMFs [15] . These estimates have been confirmed by researchers of the ARIMMORA (Advanced Research on Interaction Mechanisms of electroMagnetic exposures with Organisms for Risk Assessment) consortium [16] . Despite the evidence of carcinogenicity shown by numerous human studies, ELF-EMFs are not considered to be carcinogenic. Currently, guidelines for limiting exposure to ELF-EMFs are far above the levels found to increase the risk of childhood leukemia in epidemiological studies; the guideline limit for the general public is 100 µT at 50 Hz and 83 µT at 60 Hz [2] . Although children are particularly vulnerable to EMFs [17] , this guideline limit is the same for adults and children.
Lack of a plausible biological mechanism is an obstacle to classify ELF-EMFs as carcinogenic to humans
The prevailing model of carcinogenesis, often called the somatic mutation theory, states that cancer is caused by mutations in oncogenes and tumor-suppressor genes. Mutations in oncogenes activate cell proliferation, whereas mutations in tumor-suppressor genes inhibit cell death or cell-cycle arrest. The multi-step accumulation of mutations in these genes causes the uncontrolled cell proliferation that characterizes the disease [18] [19] [20] [21] . Because ELF-EMFs do not have enough energy to cause mutations, it is considered unlikely that exposure to ELF-EMFs can increase the risk of cancer. For example, a web page of the National Cancer Institute (USA) affirms that power lines do not cause cancer because the magnetic energy emitted by power lines is a low-frequency form of radiation that does not damage genes [22] .
The International Agency for Research on Cancer (IARC), the cancer Agency of the World Health Organization, has an important role in the identification of human carcinogens. When IARC classifies an agent as carcinogenic to humans, national health agencies usually take measures to protect populations from the carcinogen. Despite the accumulation of human evidence indicating a positive association between exposure to ELF-EMFs and childhood leukemia, IARC does not consider ELF-EMFs to be carcinogenic to humans. The Agency considers that there is limited evidence in human studies, inadequate evidence in animal studies, and a lack of relevant mechanistic data [1] .
IARC classifies an agent as carcinogenic to humans when there is sufficient evidence of carcinogenicity in human studies. According to the IARC's statement of scientific principles described in its Preamble [23] , sufficient evidence of carcinogenicity means that "The Working Group considers that a causal relationship has been established between exposure to the agent and human cancer. That is, a positive relationship has been observed between the exposure and cancer in studies in which chance, bias and confounding could be ruled out with reasonable confidence." According to IARC, the lack of a relevant mechanism of carcinogenesis is not a determining factor when there is sufficient evidence of carcinogenicity in humans. If there is sufficient evidence in human studies, animal and mechanistic evidence is accessory [23] . This principle makes sense, because animals and humans do not always respond equally to all agents, and because not understanding how an agent can cause cancer should not be a barrier to take measures to protect people exposed to the agent. However, because the scientific criteria to determine whether or not there is sufficient evidence of carcinogenicity in human studies are not clearly defined (see Preamble [23] ), the existence or lack of a plausible mechanism of carcinogenesis may be a motivation or an obstacle to classify an agent as carcinogenic to humans. For example, in their Monograph entitled "Chemical Agents and Related Occupations" (Volume 100F), IARC concludes that "There is sufficient evidence in humans for the carcinogenicity of 4-aminobiphenyl. 4-Aminobiphenyl causes bladder cancer in humans" [24] . However, the evidence in humans for the carcinogenicity of 4-aminobiphenyl seems to be weaker than for ELF-EMFs. The evidence basically consists of several lowquality studies in a low number of workers at chemical plants, who were probably exposed to other chemicals [24] . It is possible that the evidence of carcinogenicity in humans was considered sufficient because there was strong mechanistic evidence indicating that the carcinogenicity of 4-aminobiphenyl operates by a known genotoxic mechanism. This paragraph is not to say that 4-aminobiphenyl is not carcinogenic to humans; the whole evidence strongly suggests that it is. It is to say that the lack of a plausible mechanism may be an obstacle to classify ELF-EMFs as carcinogenic to humans and, therefore, to take measures to protect children and pregnant women from ELF-EMFs.
The stem cell division theory of cancer provides a new framework to explain the carcinogenicity of non-mutagenic agents
The stem cell division theory of cancer was initially proposed in a short editorial [25] and has been extended and explained in more detail in a recent working paper [26] . It can be summed up in one sentence: the main biological cause of cancer is the accumulation of cell divisions in stem cells; the more cell divisions a stem cell accumulates from the zygote until it dies or loses its ability to divide, the higher the probability that the stem cell will divide uncontrollably to form a cancer. In other words, the main determinant of carcinogenesis is the number of cell divisions that the DNA of a functional stem cell has gone thorough from the zygote. This model of carcinogenesis is based on the striking differences in cancer risk by age and among tissues. Observational studies based on millions and millions of people around the world are continually showing that cancer incidence increases dramatically with age. These studies are also continuously showing striking differences in cancer incidence among tissues; cancer arises even a million times more often in tissues with a high self-renewal capacity than in tissues without this capacity. The stem cell division model can explain these striking differences in cancer incidence [25] [26] [27] [28] [29] . For example, prostate cancer is over 2,800 times more frequently diagnosed in men over 60 years old than in men under 30 [30] because the stem cells involved in the formation and maintenance of the prostate accumulate cell divisions with age [25] [26] [27] . Colon cancer is about 100,000 times more common than heart cancer [30] [31] [32] because the stem cells involved in the formation and maintenance of the colon accumulate many more cell divisions than those involved in the formation and maintenance of the heart [25] [26] [27] . Every time a cell divides, it becomes exposed to unavoidable mistakes associated with cell division, including mutations arising during DNA replication, chromosome aberrations occurring during mitosis, and failures in the distribution of cellular components between the daughter cells (e.g., cellular components that determine cell fate). Dividing cells are also highly vulnerable to endogenous and exogenous DNA-damaging agents (e.g., reactive oxygen species and tobacco carcinogens). The accumulation of cell divisions in stem cells drives the accumulation of the DNA alterations required for carcinogenesis [26] .
This model of carcinogenesis implies that the risk of developing cancer is not only increased by mutagenic agents, but by any factor that promotes the accumulation of cell divisions in stem cells ( Figure 1 ). Promoting the division of stem cells will result in DNA alterations associated with cell divisions (e.g., mutations arising during DNA replication), which will occur even in the absence of DNA-damaging agents [25, 26] . For example, the stem cell division model explains why drinking very hot beverages increases the risk of developing esophageal cancer [33] [34] [35] [36] . When we drink (or eat) something hot enough to cause severe damage to the cells lining the esophagus, the stem cells located in deeper layers of the mucosa have to divide to produce new cells to replace the damaged cells. When stem cells divide to regenerate the epithelium, their DNA becomes exposed to unavoidable errors associated with cell division and also becomes highly vulnerable to endogenous and exogenous genotoxic agents. The more stem cell divisions, the more DNA alterations and, therefore, the higher the risk of cancer. Any mutagenic or nonmutagenic factor that promotes the accumulation of cell divisions in stem cells will increase the risk of cancer [26, 33] . This theory proposes that the main biological cause of cancer is the accumulation of cell divisions in stem cells; the more cell divisions a stem cell accumulates from the zygote until it dies or loses its ability to divide, the higher the probability that the stem cell will divide uncontrollably to form a cancer. In other words, the main determinant of carcinogenesis is the number of cell divisions that the DNA of a functional stem cell has gone thorough from the zygote. At the initial stages of carcinogenesis, the accumulation of DNA alterations is a consequence of the accumulation of cell divisions rather than a cause, but the pathway becomes reversible (*) at the final stages of carcinogenesis. After accumulating enough cell divisions and DNA alterations, the stem cell can divide without control. This uncontrolled stem cell leads to the uncontrolled cell proliferation that characterizes cancer. The risk of developing cancer is not only increased by exposure to DNA-damaging agents, but by any factor that promotes the accumulation of cell divisions in stem cells. See text and reference [26] for details.
ELF-EMFs may increase the risk of childhood leukemia by promoting the accumulation of cell divisions in hematopoietic stem cells
Numerous investigations have shown that ELF-EMFs can stimulate the division of stem cells [37] [38] [39] [40] [41] . It is well established that exposure to ELF-EMFs results in induction of electric fields and associated currents in tissues, an effect that has been used to promote tissue regeneration [1, 42, 43] . For example, several clinical studies have shown that magnetic fields are effective in stimulating bone healing; magnetic fields induce the generation of electric currents within the bone tissue, which enhance the activity of bone-forming cells. This effect has been observed with relatively weak magnetic fields (µT and mT) [1, 44] . Since the division of stem cells is crucial for tissue regeneration, it is not surprising that ELF-EMFs can stimulate the division of stem cells of a variety of tissues [37] [38] [39] [40] [41] .
The mechanisms by which ELF-EMFs stimulate the division of stem cells in vivo are largely unknown, probably because the physiological mechanisms controlling stem cell behavior are poorly understood. Although ELF-EMFs can induce a direct mitogenic effect on stem cells [37] [38] [39] [40] [41] , they may also activate their division by acting on extracellular factors. The division of stem cells is highly regulated by a variety of local, systemic and environmental signals. For example, their division rates are regulated by mechanical and electric interactions with the cellular and non-cellular components forming their anatomical location. The division of stem cells is also regulated by local and systemic chemical mediators (e.g., hormones, growth factors and cytokines), and by a variety of signals generated inside and outside the body that the nervous system receives and converts into chemical and physical messages controlling their division rates [26, [45] [46] [47] .
ELF-EMFs may also promote the accumulation of cell divisions in stem cells by disrupting stem cell fates (i.e., quiescence, self-renewal, differentiation, migration and survival) [26] . For example, any nonmitogenic stimulus that prevents the programmed cell death or symmetric differentiation of a stem cell will promote the accumulation of cell divisions in the stem cell. Any factor inducing or altering the migration of a stem cell may also facilitate the accumulation of cell divisions if the cell reaches an abnormal location that imposes high cell division rates [26] . Evidence indicates that cell migration is highly influenced by physiological electric currents [48] [49] [50] [51] , and ELF-EMFs can induce electric currents and alter cell migration [1, 42, 43, [52] [53] [54] . ELF-EMFs may therefore disrupt the migration of stem cells. This disrupting effect does not necessarily have to increase with cumulative doses of electromagnetic radiation. A peak of ELF-EMFs may be sufficient to alter the migration and fate of a stem cell. This would explain why some studies provide no discernable pattern of increased cancer risk associated with increased duration and frequency of exposure to ELF-EMFs.
Evidence strongly suggests that leukemia arises from hematopoietic stem cells (HSCs) [55] [56] [57] [58] [59] . In addition, HSCs are known to migrate during embryonic development and early childhood [60] ; this allows different sites to participate in hematopoiesis at different moments in life. The liver is the primary hematopoietic organ during fetal development, whereas the bone marrow becomes the main hematopoietic site after birth. In children, hematopoiesis occurs in the marrow of the long bones (e.g., femur and tibia), whereas the marrow of other bones (e.g., pelvis, vertebrae and sternum) is responsible for hematopoiesis in adults [60, 61] . Since cell migration is regulated by physiological electric currents [48] [49] [50] [51] and ELF-EMFs can induce electric currents and alter cell migration [1, 42, 43, [52] [53] [54] , it is possible that ELF-EMFs can disrupt the migration HSCs.
Because the anatomical location of HSCs and the signals controlling their division and migration vary during embryonic development, childhood and adulthood [60] , the carcinogenic activity of ELFEMFs may differ at different moments in life. This would explain why exposure to ELF-EMFs increases the risk of leukemia in children but not in adults. Accordingly, although carcinogenicity experiments in rodents have been largely negative [62] , recent experiments have shown an increased risk of leukemia in rodents exposed to ELF-EMFs from prenatal life [63, 64] . Evidence or lack of carcinogenicity in rodents exposed to ELF-EMFs should however be interpreted cautiously, because rodents and humans may not respond equally to non-ionizing electromagnetic radiation.
Non-DNA-damaging carcinogens increase the risk of cancer by promoting the accumulation of cell divisions in stem cells; the accumulation of cell divisions in stem cells results in the accumulation of the DNA alterations required for carcinogenesis (Figure 1 ). Because ELF-EMFs do not have sufficient energy to cause DNA damage, they probably increase the risk of childhood leukemia by promoting the accumulation of cell divisions in HSCs. ELF-EMFs may induce the accumulation of cell divisions in HSCs by inducing a direct mitogenic effect, by altering extracellular signals controlling their division rates, or by modifying stem cell fates (i.e., quiescence, self-renewal, differentiation, migration and survival). They may do so by disrupting electrical signals controlling the behavior of HSCs. Experimentally demonstrating that ELF-EMFs increase the risk of childhood leukemia by promoting the accumulation of cell divisions in human HSCs in vivo is difficult and probably unethical. However, evidence suggests that this biological mechanism is plausible enough to admit that the carcinogenicity of ELF-EMFs observed in human studies is not an epidemiological artifact caused by bias, confounding or chance.
Conclusion
Human studies have repeatedly shown that exposure to ELF-EMFs increase the risk of childhood leukemia. Exposures greater than 0.3-0.4 µT increase the risk by approximately 1.5-2 fold, and estimates indicate that up to 2% of childhood leukemia cases in Europe may be attributable to ELF-EMFs. However, because carcinogenesis requires the accumulation of DNA alterations and non-ionizing EMFs do not have sufficient energy to cause DNA damage, it is considered unlikely that exposure to ELF-EMFs can cause cancer. Currently, ELF-EMFs are not considered to be carcinogenic to humans, and the guidelines for limiting exposure to ELF-EMFs (100 µT at 50 Hz) are far above the levels found to increase the risk of childhood leukemia in human studies. Not having a biological explanation for the epidemiological link between ELF-EMFs and childhood leukemia is a barrier to classify ELF-EMFs as carcinogenic to humans and, therefore, to develop guidelines to protect children and pregnant women from ELF-EMFs. Recent evidence indicates that non-mutagenic agents can increase the risk of cancer by promoting the accumulation of cell divisions in stem cells. Cell division is associated with unavoidable DNA alterations (e.g., mutations arising during DNA replication) that occur even in the absence of DNAdamaging agents. Data discussed in this manuscript indicate that ELF-EMFs may increase the risk of childhood leukemia by promoting the accumulation of cell divisions in HSCs. The accumulation of cell divisions in HSCs would promote the accumulation of the DNA alterations required for their malignant transformation. Biological plausibility should not be raised as an objection to accept that exposure to ELF-EMFs increases the risk of childhood leukemia. Health protection agencies should develop policies to protect pregnant women and children from ELF-EMFs. This call for protection from non-ionizing EMFs is shared by many scientists from over 40 nations [65] .
